Histological sections of the mammalian striatum reveal a ''matrix'' that is histochemically distinguishable from patches, or ''striosomes''. The latter are cross sections of a compartment that consists primarily of tube-shaped structures radiating through the matrix. As a test of the hypothesis that the function of the striosome͞patch compartment includes the mediation of behaviors related to reward, the present study examined electrical self-stimulation of the caudoputamen in rats with electrodes in either of the two compartments. Rats acquired and maintained bar-pressing responses that were contingent on stimulation through electrodes making contact with striosomes͞patches more reliably than animals with electrodes terminating exclusively in the matrix. The results provide in vivo evidence that the striosome͞patch compartment is functionally differentiated from the matrix compartment: Stimulation centered in or around the striosome͞patch compartment but not in the matrix led to rapid acquisition of a new behavior.
The striatum, a major component of the basal ganglia, is of interest because of its apparent involvement in movement disorders (1) (2) (3) , motivated behaviors (4-6), and drug addiction (7, 8) . The dorsal part of the striatum, or caudoputamen in the rat, is composed of at least two distinct compartments: the ''matrix'' and the ''striosomes'' or ''patches'' (9) (10) (11) (12) , which are surrounded by the matrix. These compartments are distinguishable by their differing distributions of neurotransmitters and neuropeptides and by differences in other brain areas with which they are connected (1, 13, 14) . The matrix is enriched in met-enkephalin cells (1, 15, 17) and acetylcholinesterase (10, 11) and receives afferents from the superficial layers of the medial prefrontal cortex (16) and motor, somatosensory, and visual cortices (18) . In contrast, the striosome͞ patch compartment is enriched in fibers immunoreactive for leu-enkephalin (19) and calretinin (20) and in opiate receptor binding sites (11) and receives projections from the deep layers of the medial prefrontal (16) and limbic cortices (16, 21, 22) and their related cortical regions (23) . The dopaminergic innervation of the two compartments also differs (14, 24, 25) .
In vitro studies have provided evidence that the anteromedial and posterolateral caudoputamen in the rat differ in their responsiveness to glutamate, gamma-aminobutyric acid, and opiate ligands, which might reflect a reported higher density of striosome͞patches in the anteromedial caudoputamen than in the posterolateral caudoputamen (26) (27) (28) . Gauchy et al. (29) demonstrated in vitro that the matrix-and striosome͞patch-enriched zones in cat striatal slices also differ in responsiveness to cholinergic and opiate ligands.
Notwithstanding this anatomical and neurochemical information, little is known about the behavioral functions of these striatal compartments. Mainly on the basis of its anatomical relationships, it has been suggested that the matrix mediates some form of sensorimotor processing (19, 30) , and there is behavioral evidence (31) (32) (33) (34) (35) that the dorsolateral part of the caudoputamen, which is relatively enriched in matrix (19, 36) , may mediate responsiveness to external stimuli (for example, ref. 37) .
Conjecture about the function of the striosome͞patch compartment has been even more limited. Two aspects of the relationships of this striatal compartment to other structures have led to the speculation that this compartment may have reward-related functions (see refs. 1 and 38 and references therein). First, certain limbic structures implicated in the mediation of affective behaviors project to the striosome͞ patch compartment. Several reports (13, 16, 18, 23, 39) describe a preferential projection from the medial prefrontal cortex, which has been implicated in electrical self-stimulation of the brain (40) (41) (42) and in cocaine self-administration (43) , to the striosome͞patch compartment. The basolateral nucleus of the amygdala also projects preferentially to the striosome͞ patch compartment (44, 45) and has been implicated in behaviors involving primary reward (46) , conditioned reward (47-50) and aversion (for example, ref. 51). Second, although there are a number of differences, there are also certain similarities between the innervation of nucleus accumbens and the areas of the striatum that contain heavy concentrations of striosomes͞patches (1, 38) . The nucleus accumbens is implicated in the mediation of behaviors such as drug selfadministration (52) (53) (54) and electrical self-stimulation of the brain (55) (56) (57) that are thought to depend on reward. These observations led to the suggestion that the striosome͞patch compartment may also have reward-related functions and to the present test of this hypothesis (58) .
Since its discovery (59), electrical self-stimulation of the brain has been used to localize areas involved in reward-and reinforcement-related functions, usually in experimental situations that allow animals to control the stimulation they receive by pressing a bar. The fact that animals learn to press the bar to receive stimulation is suggestive of the function of brain areas that support this behavior.
Although self-stimulation of the caudoputamen in the rat has been reported by several workers (60) (61) (62) (63) , the bar-pressing behavior sustained by electrodes in this part of the brain is weak and inconsistent compared with the robust responding observed with electrodes in areas such as the septum, the ventral tegmental area, the lateral hypothalamus, or the nu-cleus accumbens (55, 65) . The hypothesis that a reward-or reinforcement-related process is initiated by electrical stimulation of the striosome͞patch but not of the matrix compartment could explain the unreliability of the caudoputamen self-stimulation observed in these studies because the electrodes were placed without reference to the striatal compartments. The hypothesis suggests that self-stimulation would be observed only if the stimulation activated some neural element that is part of the striosome͞patch compartment. The finding that, in individual rats, stimulation sustained responding at one locus but not another in the caudoputamen (63, 64) is also consistent with this notion.
In the present study, we examined this hypothesis by testing a group of rats with electrodes in caudoputamen for selfstimulation. Using appropriate histochemical techniques, we examined the locations of the electrodes with respect to striosomes͞patches and compared these locations with the animals' self-stimulation behavior.
MATERIALS AND METHODS
Subjects. We used 75 male Long-Evans rats (200-400 g) as subjects. They were housed individually in hanging, wire mesh cages in a 12-hr light͞dark cycle with food and water ad libitum. Under 60 mg͞kg sodium pentobarbital anesthesia, a single electrode aimed at one of the following sets of coordinates, measured from bregma (67) Apparatus. Untwisted two-wire electrodes (Plastics One, Roanoke, VA) were used. One of the insulated wires was implanted into the brain where the uninsulated, smoothed, cross-sectional area of the tip served as the electrode surface. Wires of two different diameters were used: 0.27 and 0.30 mm. The reference electrode was made by removing the insulation from the other wire and wrapping it around three skull screws. Thus, the rats received monopolar stimulation from the tip of the implanted wire with reference to the skull screws.
Animals were tested in two identical wooden cages (19.7 ϫ 19.7 ϫ 40.6 cm) with wire mesh floors and the lower half of the front wall made of Plexiglas. The open top of each cage was fitted with a commutator that allowed free movement when a rat's electrode was connected. A Plexiglas lever (3.8 ϫ 7.6 cm) protruded from one of the side walls of the cage. The lever closed a microswitch that produced a 0.5-sec train of 60-Hz constant current sine-wave stimulation. Sine-wave stimulation was used because of its relative lack of selectivity (compared with the discrete square-wave pulses used in parametric studies of self-stimulation), thus maximizing the possibility of observing self-stimulation. The stimulation current was adjusted using a potentiometer to change the resistance in series with the electrode. The same trains of stimulation could also be delivered by the experimenter. A counter recorded the number of trains received by the animal.
Procedure. Behavioral testing began 7-10 days after surgery. The rats were first given a ''shaping'' procedure for 5-30 min per day. The experimenter delivered a train of stimulation when the rat approached and͞or touched the bar. The stimulation current was raised gradually from 10 to 30 A until the rat showed an apparent approach response, began to press the bar spontaneously (self-stimulation) or, in a few rats, until the stimulation elicited a motor response that was incompatible with bar pressing. The latter usually consisted of a forced contralateral turning movement that was precisely coincident with the stimulation. The stimulation current was decreased when these responses were observed. After the shaping part of each session, the rat was left in the experimental cage for 30 min. The number of experimenter-administered trains of stimulation during the shaping part of the session and the number of spontaneous bar presses (self-stimulation) during the final 30 min part of the session were recorded separately. These sessions continued daily until a rat responded spontaneously with Ͼ100 bar presses in the final 30-min part of the session on each of 3 consecutive days or for a maximum of 11-18 days.
Some of the rats that met the criterion of 100 responses on 3 consecutive days were given extinction sessions on the following 2-3 days. During these sessions, the animals were placed into the test cages with the stimulation current turned off. All other conditions were identical to those during the test sessions. No experimenter-administered stimulation was given, and the number of spontaneous bar presses was counted.
Immunohistochemistry. After behavioral testing was complete, the rats were anesthetized with an overdose of sodium pentobarbital (600 mg͞kg, i.p.) and perfused with 0.9% saline followed by 4% paraformaldehyde. The brains were removed and postfixed in 4% paraformaldehyde for 2 hr and were cryoprotected in 20% glycerol overnight. The brains were cut at 20 or 30 m using a sliding microtome, and every section containing evidence of the track left by the electrode was saved. The sections were stored in phosphate buffer containing 0.1% sodium azide. Floating sections were then stained with monoclonal anti-calbindinD antibody (1:1,000; Sigma) or with polyclonal anti-calretinin antiserum (1:2,500, Chemicon) following the standard Adivin͞Biotinylated Enzyme Complex method for calbindin or the nickel intensification method for calretinin (20) . A calbindin antibody was used to stain the matrix (68) , and a calretinin antiserum was used to mark striosomes͞patches in the caudoputamen (20) . Omission of the primary antibodies eliminated specific staining.
Anatomical Classification. All analysis of histological material was done without reference to the behavioral data. For each rat, every brain section containing evidence of the track left by the electrode was available, and three to seven of these sections were scrutinized to divide the cases into two groups. Rats were assigned to the ''identified'' group using two criteria: (i) availability of a brain section with damage produced by the tip of the electrode (these were distinguishable from sections with damage produced by the shaft of the electrode because the holes made by the tips were more rectangular and more ventral than the holes in adjacent sections) and (ii) at least one feature clearly identifiable as a striosome͞patch [that is, an irregularly shaped calbindin-poor area with clearly defined borders (see Fig. 3 )] in the area of the tip and in sections anterior and posterior to it.
Cases not meeting these criteria were assigned to the ''unidentified'' group. In some of these cases, a section containing the tip of the electrode track could not be identified positively. In other cases, mainly with tips in the lateral caudoputamen, the borders of the striosomes͞patches were not defined clearly. In a few cases, a spherical calbindin-poor area surrounded the electrode tip, more-or-less conforming to its shape. Because striosomes͞patches are highly irregular in shape and because of the possibility that the calbindin-poor area was caused by the stimulation, these cases were eliminated.
The brains in the identified group were divided further into two groups. In one group (''striosome͞patch''), the electrode tip could be seen inside of or in contact with the surface of a striosome͞patch in at least one section. As illustrated in Fig.  3 , a major criterion for this judgement was the absence of individual cells expressing calbindin between the electrode track and the striosome͞patch. In the other group (''matrix''), no such contact was visible in any section.
RESULTS
The locations of the electrode tips for the 75 rats in the experiment are shown in Fig. 1 . Most of the tips were located Neurobiology: White and Hiroi Proc. Natl. Acad. Sci. USA 95 (1998) between the anterior part of the caudoputamen and the posteromedial part of the structure, in its medial and ventral parts. The relationship between the stimulating electrode and striosomes͞patches was identified in the histological material for 31 rats (Fig. 3) ; the remaining 44 cases failed to meet the criteria described in Materials and Methods. The total number of responses made by each rat during the three consecutive test sessions that yielded the highest response rates was used to rank-order the identified (Fig. 2) and unidentified (data not shown) rats. The rank-ordered rates for each group were divided into quartiles. The mean response rates of the quartiles for the identified rats were 1073.0, 520.1, 165.8, and 19.0; for the unidentified rats the corresponding values were 1011.8, 407.6, 107.7, and 26.3. A two-way ANOVA on these means revealed no significant difference between the groups [F(1, 67) ϭ 1.37, P Ͼ 0.2] and no significant interaction between groups and quartiles [F(3, 67) ϭ 0.27, P Ͼ 0.8], showing that identification or lack of identification of the relationship of electrode tips to striosome͞patches was unrelated to the distribution of the rats' response rates.
As is typical in previous reports (60-64) of self-stimulation in the caudoputamen, there are large, individual differences in rates of responding that have no obvious relationship to the locations of the electrode tips (Fig. 1) . The intermingling of self-stimulation and non-self-stimulation sites, especially in the medial parts of the structure, suggests functional heterogeneity. Fig. 3 illustrates cases of electrode tips judged to be in contact with a striosome͞patch or in the matrix (''S'' or ''M,'' respectively, in Fig. 2) . Starting with the animal ranked 1, every fourth case is shown. The illustrated cases are indicated by asterisks in Fig. 2 .
The rank-ordered identified cases (Fig. 2) were divided into two groups using a median split. In the upper group, 15 cases were identified as striosome͞patch and none as matrix. In the lower group, six cases were identified as striosome͞patch and nine were identified as matrix. This distribution is significantly different from chance ( 2 ϭ 12.86, p Ͻ .0003). Thus, selfstimulation is far more likely to occur at a much higher response rate with electrodes in or in contact with striosomes͞ patches than with electrodes that do not make contact with these structures.
Two cases in the lower group (ranks 18 and 19) had electrodes that were in contact with striosomes͞patches and made a total of Ͼ200 responses, a low but consistent rate of self-stimulation. Three cases (ranks 23, 24, and 30) with electrode tips in contact with striosomes͞patches failed to exhibit self-stimulation. Possible explanations for these exceptions include electrode failure, differences in the functions of the striosomes͞patches contacted, and collateral elicitation of behaviors incompatible with self-stimulation (see below).
Eight self-stimulators were given extinction sessions. During their final 3 self-stimulation sessions, these rats made an average of 282.7 responses per session. During the extinction sessions they made an average of 44.8 responses per session [t(7) ϭ 4.48, P Ͻ .01]. This observation confirms that the high rates of bar pressing observed during the self-stimulation sessions were contingent on the stimulation.
The stimulation currents used during the shaping and test sessions and the numbers of trains of experimenteradministered stimulation administered to the rats during the shaping sessions were compared for the rats in the upper and lower groups defined by the median split used to compare electrode locations. The mean stimulation currents used for the upper group were 26.6 A; for the lower group the mean was 24.2 A. These values were not significantly different [t(28) ϭ 1.14, P Ͼ .05]. When the stimulation elicited movements incompatible with bar pressing (Fig. 2, cases 14, 20 , and 24), the current was kept below the level at which these effects occurred. These cases occurred at about the same rate in striosome͞patch and matrix cases, and the currents used were usually sufficient to maintain bar pressing if the rat was a self-stimulator.
The animals in the upper group required an average of 9.2 shaping sessions before starting to bar press spontaneously, and they received an average of 42.3 experimenteradministered trains of shaping stimulation per session. The rats in the lower group received an average of 14.5 shaping sessions before starting to bar press or until the sessions were discontinued, with an average of 43.8 experimenter-administered trains of stimulation. There was no significant difference between the mean numbers of experimenter-administered trains per session [t(28) ϭ 0.11, P Ͼ .05] suggesting that neither differences in the amount of training nor number of experimenter-administered trains of stimulation can account for the difference in the effect of the stimulation on the rats in the two groups.
DISCUSSION
The present results suggest that electrodes contacting the striosomes͞patches of the rat caudoputamen sustain electrical self-stimulation more reliably than electrodes in the matrix that surrounds them. This observation provides in vivo evidence for a functional difference on the behavioral level between these two neurochemically and anatomically differentiated systems.
Some rats in this study never self-stimulated, even after 11-18 days of training. Although this amount of training makes it highly unlikely that they would ever have started, this possibility cannot be eliminated categorically. Accordingly, the data permit the conclusion that self-stimulation is acquired more readily with electrodes in striosomes͞patches than in matrix.
FIG. 1. Placement of electrode tips for 75 subjects. In 22 cases (stars), the tip was localized in a striosome͞patch (see text and Fig. 3) , and in 9 cases (inverted triangles), the tip was in the matrix; the remaining 44 cases (circles) were unidentified. Filled symbols represent subjects that made Ͼ99 responses in three sessions (selfstimulators); open symbols indicate lower response rates. The cases identified by their rank-order and bar-press rates in parentheses (see Fig. 2 ) are illustrated in Fig. 3 .
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Neurobiology: White and Hiroi Proc. Natl. Acad. Sci. USA 95 (1998) We used calbindin immunohistochemistry to identify the two compartments in the caudoputamen based on evidence (68) that areas poor in this marker correspond to striosomes͞ patches originally identified as areas that, among other things, are poor in acetylcholinesterase (10, 11) and express opiate receptor binding (11) . However, the matrix marker calbindin does not reliably stain the dorsal and lateral sectors of the middle and posterior parts of the caudoputamen in the rat (69) , even though these sectors are differentiated into the two compartments by other markers (11, 69) . Because our ability to locate electrode tips with respect to the compartments was limited to the medial, central, and ventral areas of the caudoputamen, the present analysis is limited to these areas of the caudoputamen.
It is unlikely that the features we identified as striosomes͞ patches were produced by the stimulation. First, as shown in Fig. 3 , similarly shaped calbindin-poor areas appeared both in contact with and at a distance from the tips of the stimulating electrodes in all cases. Second, damage produced by the stimulation should have been symmetrical with respect to the tips, and a few cases with such symmetrical calbindin-poor areas were eliminated from the identified group. Third, stimulation-produced calbindin-poor areas would have been the result of tissue damage or lesions, which should have increased resistance around the electrode tips, eliminating selfstimulation or at least resulting in an increase in the stimulation current required to maintain self-stimulation. Neither of these effects was observed. Finally, in several cases (data not shown), we used an immunohistochemical stain for calretinin to identify intact striosomes͞patches at the tips of electrode tracks in the brains of animals that had self-stimulated. This marker for striosomes͞patches (20) would have disappeared if stimulation-produced lesions had damaged tissue around the tip of the electrode.
The effective spread of stimulation current from the tips of the stimulating electrodes is an issue affecting the conclusion that electrodes in striosomes͞patches produced selfstimulation because of their action on neural elements that are parts of these structures. Ranck's (70) analysis suggests that the maximum radius of effective stimulation current in the conditions of the present experiment was probably Ͻ500 m because of our use of relatively large, low resistance electrodes. Although we do not know exactly how far the effective stimulation spread, it seems likely that the neural elements, activation of which was critical for producing self-stimulation, were associated with striosome͞patch tissue. If such elements were located in the matrix, self-stimulation should have been observed reliably with electrodes that completely failed to contact this compartment, and this was not the case.
The present data do not indicate which elements of the striosomes͞patches are critical for self-stimulation. Previous studies (63, 64, 71) suggest that self-stimulation sites in the striatum are uncorrelated with the density of dopaminergic innervation (63) and that the stimulated elements have refractory periods between 0.65 and 6.00 msec (64) , somewhat longer than those observed for self-stimulation in the medial forebrain bundle (71) . These findings suggest that some portion of the neural elements activated by the effective stimulation may consist of cell bodies, implying that activation of neurons intrinsic to the striosomes͞patches could be involved in the observed self-stimulation.
Cell bodies in striosomes͞patches are preferentially innervated by projections from limbic cortex (45) , and these cells could be the critical neurons activated by the stimulation electrodes. The fact that a few of these afferent neurons also innervate cells in the matrix could account for the four relatively weak cases of matrix self-stimulation we observed. The idea that self-stimulation results from activation of cell bodies in the striosome͞patch compartment suggests the possible involvement of strionigral neurons (19) terminating in pars compacta, which also supports self-stimulation (72, 73) . In turn, a portion of the nigrostriatal dopaminergic neurons innervate the striosomes͞patches (24, 25) . Thus, stimulation of striosomes͞patches could produce dopamine release in the same structures. Dopaminergic activity in nucleus accumbens has been associated with several kinds of reward, including self-stimulation, drug addiction, and eating (7, 58, 74, 79) . If dopamine release in striosomes͞patches also activates some reward-like process, the rats could have learned to press the bar to obtain these rewarding effects. The observation that stimulants with rewarding effects (for example, ref. 54 ) induce gene expression in striosomes͞patches (80, 81) , is consistent with this hypothesis.
Finally, the present findings provide a possible explanation for the inconsistent results of previous studies of caudoputamen self-stimulation. Stimulation of this brain area has been reported to sustain responding (60, 62) , not to sustain it (61), or to sustain it at one locus but not another (63, 64) . It seems likely that in these studies, self-stimulation was observed in cases where the electrode tips contacted a striosome͞patch but not when they were in the matrix.
